Abstract. Bilberry (Vaccinium myrtillus L.) is one of the dominant plants of the Fennoscandian boreal coniferous forest and constitutes a major food source for many insect herbivores. A common ant species in these forests is the wood ant Formica (Formica) aquilonia Yarrow, which preys heavily on other invertebrates within its territories. The aim of this study was to investigate whether aquilonia's predation on the insect herbivores may have indirect positive or negative effects on bilberry. Damage to the bilberry, its vegetative growth and reproduction were quantified in order to contrast localities close to (2 m) and far away from (50 m) ant nests.
INTRODUCTION
The importance of trophic interactions in determining population sizes and community structure, and whether the primary control is by resources or predators has been the subject of much debate (Hunter & Price, 1992; Power, 1992; Strong, 1992; Persson, 1999; Lawton, 2000) . According to the bottom-up view by White (1978) , i.e. control by resources, the availability of different resources to the plants and the limited availability of nitrogen-rich food for herbivores influence all trophic levels. Often as a defence strategy, reduced nitrogen content in plants limits herbivore populations, while factors like behavioural or physiological adaptations of the herbivore limit the access of predators to the resources (White, 1978) . The top-down view (Hairston et al., 1960) argues for the importance of predators as a structuring force through the reduction of herbivore populations. In a three-trophic food chain the predators themselves and the producers are instead limited by resources due to competition (Hairston et al., 1960) . Today there is increasing recognition that both mechanisms can occur to different degrees in the same place and time (e.g. Hunter & Price, 1992; Power, 1992) . The direct effect of predation by carnivores can have a strong effect on abundance and structure of prey communities and, in a three-trophic-level food web, can also affect the bottom level through indirect effects (Sih et al., 1985; Schoener & Spiller, 1996 Spiller & Schoener, 1998; Schmitz et al., 2000) . Terrestrial ecosystems are often thought to be species rich, with plants which have evolved effective defences, causing the effect of predation and primary production to spread throughout the food web (Polis & Strong, 1996) , and therefore dampening the effect of a top-down force. However, Schmitz et al. (2000) found in their review that in the studies which included three trophic levels, 75% reported significant indirect effects of carnivore removal on some plant variable.
Through omnivory, a consumer can be effectively subsidised from "nontypical" prey and the consumer populations can then be sustained (or even increased) during "poor" periods, thus promoting a top-down control by the consumer (Polis & Strong, 1996; Schoener & Spiller, 1996) . Also important is a rapid numerical and functional response to changes in resource abundance (Polis, 1999) . A group of organisms that fulfils these requirements is the wood ant group in Scandinavian forests. The direct influence of ants on prey populations is rather well known, while knowledge of their indirect effects on ecosystems is less extensive. Aho et al. (1997) , for example, showed that wood ants can have a negative indirect effect on the Eurasian treekreeper (Certhia familiaris L.) due to exploitative competition. However, the indirect effects of wood ant predation on plants in boreal systems have largely been overlooked: the review by Schmitz et al. (2000) reveals only one such study.
Due to their high abundance and predatory feeding habits, ants have a major influence not only on the herbivore community that they prey upon, but sometimes on other parts of the biotic community within their feeding territories. Studies in various ecosystems clearly show that ants can reduce the effects of different herbivores (Skinner & Whittaker, 1981; Risch & Carroll, 1982; Fowler & MacGarvin, 1985; Perfecto & Sediles, 1992; Mahdi & Whittaker, 1993; Schimtz et al., 2000) . However, in order to reduce the predation risk, herbivores have evolved dif-ferent feeding behaviours, e.g. free-living herbivores were reduced more than leaf-tiers (Fowler & MacGarvin, 1985) , likely attributable to the latter's greater crypsis (Atlegrim, 1991) .
The dominant wood ant in northern Scandinavian boreal forests, Formica (Formica) aquilonia Yarrow (Hymenoptera: Formicidae) builds large mounds in forests (Savolainen et al., 1989; Punttila, 1996; Karhu & Neuvonen, 1998) and fulfils the requirements for a consumer with the potential for indirect effects in a threelevel trophic interaction web. There are only a few studies on the direct and indirect effects of F. aquilonia. Studies from the mountain region of Scandinavia indicate that their presence is of vital importance for the survival of mountain birches (Betula pubescens ssp. tortuosa). This is especially important during years of outbreak of geometrid moths when ant predation results in "green islands" of undamaged birches surrounding the nests (Laine & Niemelä, 1980; Karhu & Neuvonen, 1998) . Despite a positive correlation between the density of F. aquilonia and a tended aphid (Symydobius oblongus von Heyden), the birch profits from the presence of ants and has a lower mortality (Laine & Niemelä, 1980; Karhu, 1998; Karhu & Neuvonen, 1998) .
The aim of this study was to investigate the indirect effects of predation by F. aquilonia on herbivorous insect larvae feeding on the bilberry (Vaccinium myrtillus L.), a dominant shrub in the field layer of Scandinavian forests. I compared herbivore damage and vegetative and reproductive production of the bilberry at localities close to and far away from nests of F. aquilonia. More specifically, the following hypotheses were tested: close to F. aquilonia nests, where density of workers is high (1) bilberry will have a higher vegetative production, i.e., the density of current year shoots will be higher, (2) the level of bark damage will be lower, (3) the level of leaf damage will be lower, (4) the biomass of the bilberry's current year shoots will be higher, (5) there will be a larger number of fertile shoots, (6) lower damage on reproductive parts, and finally (7) a greater reproductive success, i.e., a larger proportion of fertile shoots with intact fruits.
MATERIAL AND METHODS

The study system
Bilberry is a deciduous dwarf shrub having evergreen stems with an average height of 15-45 cm (Mossberg et al., 1992) . It is a clonal plant, dispersing through ramets growing from an underground rhizome (Tolvanen & Laine, 1997) . Bilberry often constitutes more than 40% of the ground cover in the field layer of Fennoscandian boreal forests (Kalliola, 1973) . The aboveground biomass of bilberry amounts to 150-200 g/m 2 and about one fourth is renewed each year (Havas & Kubin, 1983) . Bilberry ramets are hierarchically structured with the lowest level as the tiller growing above ground and the highest as the fertile current year shoots (Tolvanen & Laine, 1997) . The current year shoots are carrying leaves, axilliary flowers and dormant buds for next year growth. Dormant buds on the top part of the shoot, which have been initiated during preceding year, develop into new shoots thereby giving the hierarchical structure (Atlegrim, 1991) . The age of the ramet can therefore be determined through the number of hierarchical levels. Flowers are initiated at the base of the current year shoots in beginning of June and develop to berries in the end of August. The seeds inside the berries are dispersed by animals and birds which eat the berries and then excrete the seeds (Atlegrim, 1991).
The dominant invertebrate herbivores feeding on bilberry are butterfly (Lepidoptera) and sawfly (Hymenoptera: Symphyta) larvae (Atlegrim, 1991) . The folivores, i.e., species from the lepidopteran families Geometridae, Noctuidae, Lasiocampidae, and sawfly species, contain free-living leaf chewers which crawl around freely and, thus have an exposed feeding behaviour (Atlegrim, 1991) . The frugivores, i.e., species from the lepidopteran families Tortricidae and Pyralidae, contain larvae that spin leaves together around the reproductive parts of the bilberry (flower/unripe berry), thus constructing a shelter for and making them less conspicuous during feeding (Atlegrim, 1991) . Damages to the bilberry caused by these larvae are easily distinguished from damages caused by vertebrates (e.g., grouses, moose, etc.) and other types of invertebrate herbivores (Atlegrim, 1991) .
F. aquilonia, is the most common of seven mound-building wood ant species belonging to the Formica rufa-group in Scandinavian boreal forests (Savolainen et al., 1989; Douwes, 1995; Punttila, 1996) . They build large nests that can be comparable in age to trees (Donisthorpe, 1927; Oinonen, 1956 Oinonen, , 1958 Rosengren, 1981 ). An important characteristic is their aggression and habit of maintaining large territories (Savolainen et al., 1989) . The species is polygynous and sometimes forms secondary nests resulting in multi-nest colonies (Hölldobler & Wilson, 1990; Punttila, 1996) and polycalic, i.e. nests exchange liquid food, offspring and workers (Punttila, 1996) . Workers forage on a variety of invertebrates but the colonies are to a very large extent also dependent on honeydew (Karhu & Neuvonen, 1998) .
Study area
My study area was situated on the western side of Lake Bäcksjön, 15 km NW of Umeå in northern Sweden (64°00'N, 20°20'E). The tree composition surrounding the ant mounds ranged from being homogeneous Scots pine (Pinus sylvestris Linnaeus) to a mixture with Norway spruce (Picea abies Linnaeus). Bilberry dominated the field layer with ground cover varying between 30 to 60%. Other shrubs occurring as codominants are lingonberry (Vaccinium vitis-idaea Linnaeus), heather [Calluna vulgaris (Linnaeus) Hull] and crowberry (Empetrum nigrum Linnaeus).
General design
The study was conducted in late August and September 2000. The feeding territory of a wood ant nest include ca 40 m around the nest (Laakso & Setälä, 1998) and nest mounds of F. aquilonia may be situated at roughly 40-m intervals (Karhu, 1998) which means that in densely populated ant areas there may be no areas free of ants. The ant nests used in this study was however solitary nests. These nests were chosen so that at a distance of 50 m from the studied nest no other nest occurred within a distance of at least 70 m. Using this design there will be a very low potential for influence of ants 50 m from the studied nest. Forty such solitary F. aquilonia were localized in the study area and of these twenty-four were randomly chosen for the current study. At each nest, sampling of bilberry was conducted at two positions: (a) 2 m from the nest (where ants had a high density and high potential effect) and (b) 50 m from the nest (very low ant density and low potential effect). The positions for the sampling were chosen as similar as possible with respect to sun exposure, moisture conditions, etc. To control for variation in F. aquilonia activity (caused by heterogeneously-spaced food items/sources and the distribution of bilberry), I took two sam-ples at each position. These samples consisted of circular plots which were randomly located at each position by throwing out a stick with the back towards the sampling area (2 or 50 m from the nest). The stick was used as centre for the circular sampling plots. Two sizes of circular plots were used. Within a 5 dm 2 circle the number of current year shoots of the bilberry was counted while all other sampling was done in a 10 dm 2 circle superimposed on the 5 dm 2 circle.
Vegetative production of bilberry
The total number of current-year shoots were counted in 5 dm 2 circular plots. In the 10 dm 2 plot, 50 current-year shoots were randomly selected and picked for weight measures. When an insufficient number of shoots was found within the 10 dm 2 plot, additional shoots were picked just outside. Shoots were dried for three days at 40°C and then weighed. The mean shoot weight for each circular plot was calculated by dividing the dry weight of the collected shoots by the total number of shoots. The mean weight of the shoots in the 10 dm 2 circular plot in combination with the mean number of shoots in the 5 dm 2 plots was used to calculate total shoot biomass per m 2 . The following measures of vegetative bilberry production were obtained: a) number of shoots per m 2 , b) mean weight of current year shoots and c) biomass of current year shoots per m 2 .
Reproduction of bilberry
The 50 shoots collected in the 10 dm 2 circular plots were used for different measures of bilberry reproduction. If reproductive, current year shoots are recognizable because the stem is thicker at the base; in profile it forms a triangular shape. Thus, even if the shoot has lost the flower/berry it can easily be classified as reproductive or not. The 50 shoots were inspected and divided into the following categories: a) not reproductive, i.e., lacking the triangular shape at the base, b) reproductive but had lost the reproductive part, i.e., had the triangular shape at the base but was lacking the berry, and c) reproductive with intact berry. From this data two measures of reproduction were obtained. First, the reproductive investment, calculated as the proportion of reproductive shoots, i.e., the sum of current-year shoots which had lost their reproductive part during the season (category b) and current-year shoots which still were reproductive at the sampling occasion (category c) divided by the number of inspected shoots (50 shoots). Secondly, the reproductive success, calculated as the proportion of fertile shoots which still were reproductive at the sampling occasion, i.e., the number of current year shoots with an intact berry (category c) divided by the sum of reproductive current year shoots (category b and c).
Herbivore damage
Three measures of herbivore damage were obtained. The first two measures of herbivore damage (stem and leaf damage index), were obtained using the 50 collected shoots in 10 dm 2 circular plots. Stem damage was estimated in four classes: intact stems (scored as 0), bark damage (scored as 1), stems cut (shoot bitten off; scored as 2) and both types of injury on the same shoot (scored as 3). Thus, higher scores indicate an increasing level of damage and loss of photosynthetic tissue. The damage index was obtained by adding the stem damage scores together and dividing by the total number of shoots (i.e. 50 shoots). Leaf damage were classified into five classes depending on the degree of leaf area removed: a) intact shoots, b) <10%, c) 10-49%, d) 50-99% and e) 100% leaf area removed. To calculate the leaf damage index, the mid value of each defoliation class (i.e. 0, 5, 30, 75 and 100%) was multiplied by the number of shoots in that class. The value for each defoliation class was then summed and divided by the number of shoots (i.e. 50 shoots), to constitute the leaf damage index.
The third herbivore damage index, reproductive damage, was obtained by dividing the number of shoots which had lost their reproductive parts (category b) by the total number of shoots that were classified as reproductive (category b and c; see reproduction of bilberry above).
Statistical analysis
For each nest, variables were first calculated for each of the 5 dm 2 and 10 dm 2 circular plots. Thereafter, mean values were calculated for the two circular plots at each distance, constituting the values at 2 m distance, close to nests with high worker density, and at 50 m distance, far away from nests with low worker density. Differences between localities close to and far away from the ant nest were tested using the non-parametric MannWhitney U-test for independent samples (Siegel, 1956 ). This test was used because the samples 50 m away from the nest is on the border of the ants feeding territories and exact paring with the samples 2 m from the nest could not be done. A nonparametric test was used because the prerequisites of a parametric test, normality and homogeneity, could not be fulfilled even with transformations.
RESULTS
There were no significant difference between samples taken close to and far away from the nests with respect to the density of activated current year shoots (z = 1.12, p = 0.1314, n1 = 16, n2 = 24), the mean weight of the bil- The bilberry's reproductive investment, i.e., proportion of fertile shoots, was not significantly higher in positions close to compared to positions far away from the ant nests ( Fig. 2a ; z = 0.02, p = 0.4920, n1 and n2 = 24). However, reproductive success, i.e., the proportion of the fertile shoots with intact berries was significantly higher close to compared to far away from the nests ( Fig. 2b ; z = 2.13, p = 0.0166, n1 and n2 = 24).
Bark damage to bilberry, proportion of leaf area removed from bilberry shoots, and damage to the bilberry's reproductive parts were significantly lower close to compared to far away from the nests (z = 2,56, p = 0.0052, n1 and n2 = 24; z = 1.85, p = 0.0322, n1 and n2 = 24; z = 2.56, p = 0.0052, n1 and n2 = 20; respectively, Fig.  3 ).
DISCUSSION
My analysis suggests that distance to F. aquilonia nests, and thus predation pressure from ants, can significantly affect herbivore damage to bilberry and its reproductive success, thus supporting a top-down effect (c.f. Hairston et al., 1960) by the ants. However, since the vegetative production of the bilberry was not affected by ant workers, the bilberry seems to be able to compensate for losses caused by insect herbivores. Therefore, resource availability to the bilberry may also be important (c.f. White, 1978) .
The results were in total agreement with the hypothesis that ants would reduce the level of damages inflicted by herbivores foraging on bilberry. Predation from ants most probably reduced the abundance of herbivores and therefore also the level of inflicted damages. This is in agreement with earlier studies (Skinner & Whittaker, 1981; Risch & Carroll, 1982; Fowler & MacGarvin, 1985; Perfecto & Sediles, 1992; Mahdi & Whittaker, 1993) .
The expected positive effect on the bilberry's vegetative production predicted by the top-down hypothesis was not detected. Bilberry has a more rapid growth, greater photosynthetic rate, and a higher storage of carbohydrate reserves below ground than other evergreen shrubs (Chapin, 1980; Sjörs, 1989) , and its ability of to recover from a defoliation event is also good due to high numbers of dormant buds (Tolvanen & Laine, 1997) . The fact that bilberry is clonal could facilitate the re-establishment of leaves in injured shoots (Schmid et al., 1988; Sjörs, 1989) . Furthermore, a lack of plant response in vegetative parts and reproductive investment is not uncommon in trophic interaction studies (Schmitz et al., 2000) . They argued that plant damage from herbivores is a more shortterm response while the effect on the plant's biomass may not be directly influenced by immediate tissue damage, Fig. 2 . Sexual production of bilberry measured as a) investment in sexual reproduction, i.e. the mean proportion of the bilberry's shoots that were fertile, and b) reproductive success measured as the mean proportion of fertile shoots with intact fruit, in sampling positions close to (2 m) and far away (50 m) from ant nests, ± 1 SE is indicated by vertical lines. Ants did not significantly affect bilberry's investment in sexual reproduction but had a significant indirect effect on reproductive success (p < 0.05). due to the fact that plants can make compensatory adjustments in biomass production over a long period.
With a lower level of herbivore damages in localities close to aquilonia nests, bilberry might be able to use additional resources for sexual reproduction and have more fertile shoots. My analysis revealed no evidence of this since the bilberry's reproductive investment did not differ close to compared to far away from the nests. Even though the leaves of the current year shoots can contribute to the ramet's own need for carbohydrates, and herbivores potentially could affect this, the investment in reproduction are largely dependent on resource levels the previous year (Tolvanen & Laine, 1997) . Ants, on the other hand, did affect the reproductive success of the bilberry since fertile shoots were significantly more successful in keeping their fruits intact close to compared to far away from ant nests. It seems that the F. aquilonia workers are capable of finding the frugivorous herbivores, preying on them and thereby reducing the level of damage on flowers and fruit. As a result, bilberry growing close to aquilonia nests (where worker density is high) will have a higher reproductive success.
The relative top-down effect in the food web has to be evaluated with regard to the temporal aspect. Both the vegetative and sexual efforts of the bilberry this season are of course also influenced by previous years. This study did not include measurements of herbivore density, but earlier studies have shown a close positive relationship between the levels of herbivory (measured with the same methods as in this study) and the density of herbivore larva (Atlegrim, 1989 (Atlegrim, , 1991 Atlegrim & Sjöberg, 1996) . The damage levels found in the current study indicate, in comparison to earlier studies (Atlegrim, 1989 (Atlegrim, , 1991 Atlegrim & Sjöberg, 1996) , that the density of insect larvae was low. If so, my data probably represent a conservative estimate of the indirect effects of ant predation compared to a long-term average because we might expect that if there was a higher larvae density, damages to the bilberry would probably diverge more between areas close to aquilonia nests and those areas farther away.
Due to the fact that this study was performed as an observational experiment, it is not possible to exclude that the observed pattern in the bilberry's response to herbivory also could be due to other reasons than an indirect effect of ant predation. One aspect that has been discussed concerning ant's potential as a top-down force is the fertilisation effect they have. Through a continuous transport of litter and prey items into the nest, the ants concentrate soil nutrients in and around the mounds (Laakso & Setälä, 1997 ) within a radius of 1-1.5 m around the nest (Beattie & Culver, 1977) . Higher nutrient availability has, however, been refuted several times as the explanation of the "green islands" of mountain birch surrounding ant nest mounds in the Scandinavian highlands, in favour of the predatory effect from F. aquilonia workers on folivorous herbivores (Karhu, 1998; Karhu & Neovonen, 1998) . Further considering that my analysis revealed that bilberry's vegetative production did not differ between localities close to and far away from the ant nests, it appears that a fertilisation effect is unlikely.
However, ants do not localise their nests at random. It is therefore possible that microhabitat conditions differed between localities close to and far away from the aquilonia nests, and also contributed to the observed patterns. Overall though, my results suggest that bilberry indirectly was affected by ant predation on herbivorous larvae, and in particular the reproductive success of the bilberry was affected.
